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a b s t r a c t 
Particle laden ﬂows with reactive particles are common in industrial applications. Chemical reactions in- 
side the particle can generate a Stefan ﬂow that affects heat, mass and momentum transfer between the 
particle and the bulk ﬂow. This study aims at investigating the effect of Stefan ﬂow on the drag coeﬃcient 
of a spherical particle immersed in a uniform ﬂow under isothermal conditions. Fully resolved simula- 
tions were carried out for particle Reynolds numbers ranging from 0.2 to 14 and Stefan ﬂow Reynolds 
numbers from ( −1 ) to 3, using the immersed boundary method for treating ﬂuid-solid interactions. Re- 
sults showed that the drag coeﬃcient decreased with an increase of the outward Stefan ﬂow. The main 
reason was the change in viscous force by the expansion of the boundary layer surrounding the particle. 
A simple model was developed based on this physical interpretation. With only one ﬁtting parameter, 
the performance of the model to describe the simulation data were comparable to previous empirical 
models. 
© 2019 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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i  1. Introduction 
Many industrial applications involve particle laden ﬂows with
reactive particles, such as combustion of solid fuels, catalytic crack-
ing and drying applications. Unlike ordinary particle-laden ﬂows,
reacting particles exchange mass with the surrounding ﬂuid. A Ste-
fan ﬂow, induced by chemical reactions inside or at the surface of
the particle, has effects on the gas-solid interaction, i.e. momentum
( C D -drag coeﬃcient), heat ( Nu -Nusselt number) and mass trans-
fer ( Sh -Sherwood number) between the particle and the bulk ﬂow
( Hayhurst, 20 0 0; Yu and Zhang, 2009; Yu et al., 2013; Kalinchak,
2001 ). This can be exempliﬁed by gasiﬁcation and combustion pro-
cesses, where, upon being released into the hot environment, fuel
particles undergo fast devolatilization that results in a pronounced
gas stream leaving the particles. Although momentum, heat, and
mass transfer could be affected by the Stefan ﬂow, as a ﬁrst step,
we focus on the effect of Stefan ﬂow on C D in isolation from the
effects of heat and mass transfer in this study. ∗ Corresponding author. 
E-mail address: thamalirajika@gmail.com (T.R. Jayawickrama). 
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0301-9322/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article uResolved simulations of multiphase reactive ﬂows demand high
omputational resources due to its complexity and the multi-scale
ature of the processes. The smallest scale in such systems typi-
ally corresponds to the scale of the particles and their boundary
ayers ( 10 −6 − 10 −3 m), while the largest scales are set by the en-
ire reactor, which typically contains millions of reactive particles
nd has a length scale ( 10 0 − 10 2 m) that is several orders of mag-
itudes larger than the particle scale. Therefore, it is impractical
o carry out particle resolved simulations for a large domain. In-
tead, it is useful to develop constitutive models based on the re-
ults from particle resolved simulations of single or multiple parti-
les, which can then be implemented in large scale reactor simu-
ations that do not resolve the individual particles. Compared with
he many particle-resolved simulations in the literature, only a few
tudies have used their results to develop models suitable to use
n large scale simulations (e.g. models for Stefan ﬂow developed
y Miller and Bellan (1999) and Kestel (2016) , while models taking
nto account particle porosity and particle shape are presented in
ittig et al. (2017) and Richter and Nikrityuk (2012) , respectively.)
Previous studies on Stefan ﬂow effects mainly investigated
roplet evaporation/condensation ( Bagchi et al., 2001; Renk-
izbulut and Yuen, 1983; Dukowicz, 1984 ) and suction/blowingnder the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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1  ffects ( Chuchottaworn et al., 1983; Dukowicz, 1982; Cliffe and
ever, 1985 ). Models developed for the drag coeﬃcient of evap-
rating/condensing droplets are based on both experimental and
imulation data. Recently, the performance of the model by
enksizbulut and Yuen (1983) was assessed for a char particle dur-
ng oxy-fuel combustion ( Farazi et al., 2016 ). The model contains a
ase-speciﬁc blowing number and had to be adjusted by introduc-
ng a new blowing number. However, some studies have proposed
ore general models for the drag coeﬃcients of a reacting parti-
le, based on the suction/blowing effect directly. In early models,
he mass ﬂux inward/outward (hereafter called Stefan ﬂow) was
epresented by ‘a non-dimensional blowing number ( )’, which
s the ratio of Stefan ﬂow velocity and slip velocity ( = U s f /U ∞ )
 Cliffe and Lever, 1985 ). More recently, the Stefan velocity has been
on-dimensionalized by the Stefan Reynolds number, Re sf , which is
ased on particle radius ( R ), Stefan velocity ( U sf ) and ﬂuid viscosity
 ν) ( Kestel, 2016 ): 
e s f = 
2 U s f R 
ν
. (1) 
nother relevant Reynolds number is the particle Reynolds num-
er, Re , which is based on the particle slip velocity ( U ∞ ), 
e = 2 U ∞ R 
ν
, (2) 
uch that U s f,r = Re s f /Re . 
Dukowicz (1982) developed an analytical relation for the drag
f a spherical solid particle with suction/blowing in creeping ﬂows
 Re → 0). For higher Re , a number of works addressed the effects of
tefan ﬂow on the drag coeﬃcient ( Cliffe and Lever, 1985; Miller
nd Bellan, 1999; Kestel, 2016; Nour et al., 2017 ). Miller and Bel-
an (1999) developed an empirical model based on the numerical
imulation results of Cliffe and Lever (1985) for an isothermal ﬂow
round a sphere. Kurose et al. (2003) has modiﬁed the model coef-
cients of the same model to ﬁt the data for an outﬂow in a linear
hear ﬂow around a solid sphere. Later, another empirical model
as introduced by Kestel (2016) , which is applicable for the wider
ange of mass ﬂuxes that appeared in a 200 MW commercial gasi-
er data. It is apparent that the change of drag coeﬃcient due to
tefan ﬂow cannot be neglected. However, available models are not
ased on physical observations, and they rely on a number of ﬁt-
ing parameters. In addition, none of the models are suitable for
egative Stefan ﬂows (suction). 
This study investigates the interaction between a gas ﬂow and
n embedded reacting particle that experience a Stefan ﬂow. The
ain aim is to develop a physics-based simple model describing
he change of the drag coeﬃcient due to the Stefan ﬂow for a par-
icle in an isothermal ﬂow. Direct numerical simulations that re-
olve the boundary layer at the particle surface were carried out
or a laminar ﬂow surrounding a stationary particle with either
n outgoing or an incoming Stefan ﬂow. Simulation results were
nalyzed and a model was developed with a physical interpreta-
ion from the simulations. The developed model and two previous
odels from the literature ( Miller and Bellan, 1999; Kestel, 2016 )
ere compared with the simulation results. The range of particle
eynolds numbers ( Re ) in this study is limited to the conditions
elevant to entrained-ﬂow gasiﬁcation or pulverized combustion. 
. Methodology 
The numerical simulations considered a static particle in a uni-
orm isothermal ﬂow. The generation and consumption of gas in
he solid phase were considered as a uniform outgoing or incom-
ng mass ﬂux at the particle surface in the surface-normal direc-
ion. In all of the simulations performed here, the Reynolds num-
er is smaller than the critical Reynolds number that yields vonarman oscillations. This means that there are no transients in the
ow, and hence, a steady state solver can be used. 
.1. Governing equations 
Steady state simulations were carried out under isothermal
onditions, with the gas phase assumed to be incompressible. The
iscrete phase was described as a static spherical particle with
onstant size. The gas phase is governed by mass conservation, 
 · −→ u = 0 , (3) 
nd momentum conservation, 
(ρ
−→ 
u · ∇ ) −→ u = −∇ p + μ∇ 2 −→ u , (4) 
here ρ is the density of the ﬂuid, 
−→ 
u is velocity vector, p is pres-
ure and μ is dynamic viscosity. Eqs. (3) and (4) were discretized
ith the ﬁnite volume method using second-order schemes. 
.2. Boundary conditions 
The slip velocity between the particle and the bulk gas was set
s the inlet velocity at the front boundary (left side of the calcu-
ation domain in Fig. 1 ). An ’outﬂow’ boundary condition (i.e. zero
elocity gradient) was applied at the back boundary (right side of
he calculation domain in Fig. 1 ). The side boundaries of the do-
ain were treated as ’slip walls’. A ’slip wall’ boundary condition
nforces both the velocity component normal to the wall and the
radients of the other velocity components in the normal direction
o be zero. Boundaries along the symmetry axes were considered
s ’symmetric’ boundaries, which means that the component of ve-
ocity normal to the symmetry plane is zero and that the gradient
f all the other properties normal to the plane is zero. 
The immersed boundary method (IBM) was used at the sur-
ace of the particle. The current work used the discrete forcing ap-
roach ( Mittal and Iaccarino, 2005 ), which uses the direct imposi-
ion of boundary conditions ( Jasak et al., 2014 ), and the presence
f the immersed surface/body is formulated through the bound-
ry conditions. The value of any parameter inside the cells that
ontain the immersed boundary was calculated by interpolating
alues at the immersed boundary points and the neighbour cells
 Fadlun et al., 20 0 0 ). To implement Stefan ﬂow, the velocity is ﬁxed
Dirichlet boundary condition) at the immersed boundary normal
o the particle surface as: 
˙ 
 = ρ
∮ 
S 
( 
−→ 
u s f · −→ n ) dS , (5) 
here integration is over the surface S of the particle, 
−→ 
n is unit
ector in the direction normal to the surface element dS and ˙ m
s mass ﬂow rate due to the Stefan ﬂow. Furthermore, for pres-
ure the gradient is set to zero at the immersed boundary (Neu-
ann boundary condition). The treatment of Dirichlet and Neu-
ann boundary conditions for an immersed boundary method in
oam-extend is shown in the Appendix A ( Jasak et al., 2014 ). 
.3. Calculation conditions and procedure 
In this work, we used the OpenFoam environment, called
oam-extend -3.2 ( Weller et al., 1998 ). The numerical simulations
ere carried out using the incompressible, steady-state, im-
ersed boundary solver. The solver uses quadratic interpolation
 Jasak et al., 2014 ) for the reconstruction of the solid phase bound-
ry conditions into the closest ﬂuid cells. 
Flow conditions were selected based on practical applications
f pulverized combustion and gasiﬁcation at atmospheric pressure.
our different Re were selected by considering particle size (0.1–
.0 mm), slip velocity (0.5–3 m s −1 ), and gas properties of N at2 
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Fig. 1. Computational domain for the simulations, with D denoting the particle diameter, and i , i = 1 to 5 representing the coarsest mesh to ﬁnest mesh. D −x,i is the 
distance from the centre of the sphere to negative x-direction and D + x,i is the distance from the centre of the sphere to positive x-direction in level i (See the Table 1 ). 
Table 1 
Distance from the centre of the particle 
in diameters ( D ) in the computational do- 
main (See Fig. 1 ). 
i D −x,i D + x,i D y,i , D z,i i / D 
1 16 48 16 0.16 
2 3 6 3 0.08 
3 2 5 2 0.04 
4 1.5 3 1.5 0.02 
5 1.2 2 1.2 0.01 
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a1400 K. The considered Re are: 0.232, 2.32, 6.98, 13.96. The magni-
tude of the Stefan-ﬂow mass ﬂux was calculated from data relevant
for devolatilization and char conversion of biomass ( Kreitzberg
et al., 2016; Umeki et al., 2012 ). Since the Re was always less than
20 in this study, the ﬂow is steady, axisymmetric and topologically
similar ( Johnson and Patel, 1999 ). Therefore, only a quarter of the
domain was simulated with symmetric boundaries. 
Initially, the domain size and mesh resolution was selected
based on previous studies ( Constant et al., 2017; Richter and Nikri-
tyuk, 2012 ) for ﬂow around a sphere. Then, mesh reﬁnement tests
were carried out for the highest Re . Based on these tests, we ar-
rived at ﬁve levels of reﬁnement that were eventually used for
the simulations, with the mesh size of the ﬁnest reﬁnement be-
ing 0.01 D (see the Fig. 1 and Tab. 1 ). After the mesh reﬁnement
test, domain size tests were carried out for the smallest Re and the
highest Stefan ﬂow velocity, i.e. because the boundary layer is ex-
pected to be the largest under such condition. Based on the results
(see Table 2 ), mesh 2 was selected considering accuracy and econ-Table 2 
Domain size test for Re = 0 . 23 at Re s f = 2 . 90 and 1.45 for different domain sizes. 
Re sf Mesh Domain size 
Reﬁnement 
levels C D 
Error 
(% of mesh 3) 
2.90 mesh 1 32 ×16 ×16 4 86.25 19 .2 
mesh 2 64 ×32 ×32 4 75.45 4 .2 
mesh 3 128 ×64 ×64 4 72.38 –
1.45 mesh 2 64 ×32 ×32 4 90.28 2 .8 
mesh 3 128 ×64 ×64 4 87.85 –
3
3
 
m  
t  
H
C  my of computational resources. The ﬁnal mesh and domain are
hown in Fig. 1 , consisting of around 9.6 million cells in total. 
For isothermal conditions, the drag coeﬃcient of a particle with
o Stefan ﬂow should depend only on Re . As preliminary tests, we
onﬁrmed this with two different sets of particle diameters and
lip velocities at the same Re . 
.4. Estimation of the drag coeﬃcient 
The drag coeﬃcient can be calculated as 
 D = 
−→ 
F P,x + 
−→ 
F v isc,x 
1 
2 
ρU 2 ∞ (πR 2 ) 
, (6)
hen the pressure and viscous forces are given as 
→ 
F P = 
∮ 
S 
(P sur − P re f ) −→ n ds, (7)
nd 
→ 
F v isc = −
∮ 
S 
μ(∇ −→ u + ∇ −→ u t ) −→ n ds, (8)
espectively. Here, the integration is over the surface S of the par-
icle. In the above, P sur and P ref are the interpolated pressure at the
article surface and in the far ﬁeld, respectively, and 
−→ 
n is the unit
ector in the surface-normal direction. Only the components 
−→ 
F P 
nd 
−→ 
F v isc in the direction of the mean ﬂow were accounted for
hen calculating the drag coeﬃcient, since the other components
re canceled out due to symmetry. 
. Results and discussion 
.1. Validation 
The numerical implementation was validated for the esti-
ated drag coeﬃcient using four Re w ithout Stefan ﬂow. The ob-
ained drag coeﬃcient was compared to the empirical formula of
aider and Levenspiel (1989) , 
 D = 24 
Re 
(1 + 0 . 1806 Re 0 . 6459 ) + 0 . 4251 
(
1 + 6880 . 95 
Re 
)−1 
, (9)
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Fig. 2. Drag coeﬃcient as a function of Re for the case where there is no Stefan 
ﬂow. Line: Correlation of Haider and Levenspiel (1989) , symbols: numerical simula- 
tions. 
Fig. 3. Normalized drag coeﬃcient C D,sf / C D ,0 vs normalized Stefan ﬂow velocity 
U sf / U ∞ at different Re . Symbols: simulations, lines: linear regression to the data. 
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Fig. 4. Drag force due to pressure ( F p , circles) and viscous stress( F visc , squares) on 
the sphere normalized by the total drag force ( F p + F v isc ) for Re s f = 0 . 
Fig. 5. Pressure component (P sur f − P re f ) −→ n x in the ﬂow direction at the surface of 
the sphere normalized by the characteristic pressure 
−→ 
F tot,x /πR 2 for Re = 13 . 96 and 
different U sf / U ∞ . 
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f  hich was derived from 408 experimental data points.
ig. 2 shows that the drag coeﬃcients obtained from our simu-
ations (symbols) are in agreement with this empirical formula
solid line). The data is also listed in Table B.1 . 
The velocity proﬁle surrounding the particle generated by Ste-
an ﬂow was validated in a quiescent ﬂuid by comparing it to the
nalytical solution, 
 
u d = 
−→ 
u s f R 
2 
d 2 
, (10) 
here 
−→ 
u d is the velocity vector at a distance d from the centre of
he sphere, and 
−→ 
u s f is the Stefan ﬂow velocity vector at its surface.
.2. Effects of Stefan ﬂow on drag coeﬃcient 
Fig. 3 shows the normalized drag coeﬃcient, C D,r = C D,s f /C D, 0 ,
lotted against the normalized Stefan ﬂow velocity, U s f,r = U s f /U ∞ ,
or different Re . Here, C D ,0 and C D,sf refer to the drag coeﬃcients
ithout and with Stefan ﬂow, respectively, while U ∞ is the in-
et velocity. The results show a nearly linear relationships between
 D,r and U sf,r for every given Re , with the slope of the relationship
etting steeper with increasing Re . 
According to Fig. 3 , the normalized drag coeﬃcient was as low
s 0.7 (for Re = 2.32 and U s f,r = 1 . 3 ), and is expected to decreaseven further at higher Stefan velocity. This signiﬁcant reduction in
rag shows the relevance of the Stefan ﬂow in entrained ﬂow gasi-
cation and combustion applications. 
Fig. 4 explores the effect of Stefan ﬂow in more detail by show-
ng the pressure and viscous forces separately. In all cases studied
ere, both with and without Stefan ﬂow, we found that the viscous
orce was larger than the pressure force by a factor of roughly two,
s is expected for low Re . We do see, however, that this factor is
ecreasing for increasing Re sf , and for much larger values of Re sf it
an not be excluded that it may even be less than one. The bottom
ine is that a positive Stefan ﬂow give a signiﬁcant reduction of the
iscous force while the pressure force remains almost constant. 
To elucidate the observed effects, the pressure force compo-
ent in the mean ﬂow direction, (P sur f − P re f ) −→ n x is shown in Fig. 5
s a function of surface angle from the front of the particle (See
chematic in the inset of Fig. 1 ). The Stefan ﬂow velocity at the
urface is given as U sf / U ∞ , where the positive values indicate out-
oing ﬂows. The ﬁgure conﬁrms the observation from Fig. 4 , i.e.;
he pressure force is hardly affected by the Stefan ﬂow and it is
lmost constant for a given Re . 
On the contrary, Fig. 4 showed that the viscous force decreased
ith an outgoing Stefan ﬂow and increased with an incoming Ste-
an ﬂow. To explore this effect, Fig. 6 shows the viscous stress com-
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Fig. 6. Viscous stress component [ −μ(∇ −→ U + ∇ −→ U t ) . −→ n ] x in the mean ﬂow direction 
at the surface of the sphere, normalized by the characteristic pressure 
−→ 
F tot,x /πR 2 
for Re = 13 . 96 and different U sf / U ∞ . 
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sponent in ﬂow direction as a function of the surface angle from
the front of the particle. It shows that the viscous stress is actually
higher at the front of the particle for the simulations with outgoing
Stefan ﬂow. On the other hand, the viscous stress behind the parti-
cle is smaller with outgoing Stefan ﬂow. The changes in the viscous
stress at the front and the back of the particle cancel each other
and have no signiﬁcant net effect. The shear stress at the side of
the particle (40 < θ < 140) is smaller with outgoing Stefan ﬂow. As
a result, the overall viscous stress for the particle decreased under
the inﬂuence of outward Stefan ﬂow. The main factor that affects
the viscous force is the velocity gradient as shown in Eq. (8) . The
observation in Fig. 6 implies that the change in the boundary layer
thickness is more signiﬁcant than the change in velocity difference
that appear at the front and back of the particle. 
Fig. 7 shows the ﬂow ﬁeld (i.e. velocity magnitude) with (lower
half panel) and without (upper half panel) outward Stefan ﬂow.
Comparison of the ﬂow ﬁelds showed that the boundary layer
thickness increased with outgoing Stefan ﬂow. On the contrary,
the boundary layer thickness decreased with incoming Stefan ﬂow.
This change in boundary layer thickness due to the Stefan ﬂow is
clearly seen by inspecting the velocity magnitude along the y -axis
crossing the centre of the sphere, as shown in Fig. 8 . For an out-
going Stefan ﬂow (red dashed line in Fig. 8 ) we observed a slower
relaxation of the velocity magnitude to the free stream velocity,
while vice versa, a faster relaxation was observed for incoming
Stefan ﬂow (green dashed line). This effect can be understood as
the boundary layer being pushed away from the particle surface in
case of an outward Stefan ﬂow, while it was pulled towards the
surface for an inward Stefan ﬂow. This change in boundary layer
thickness with the Stefan ﬂow affects the velocity gradient, and
hence it explains the observed change in the viscous force and,
consequently, also the drag. 
3.3. A model for the drag coeﬃcient with Stefan ﬂow 
In this section, a simple expression is suggested for the drag
coeﬃcient under the inﬂuence of Stefan ﬂow for small Re . The
net drag on a particle is entirely determined by the boundary
layer around the particle. Any change to the boundary layer due
to the presence of Stefan ﬂow would therefore have an effect on
the drag. Indeed, we observed in the previous section that Ste-
fan ﬂow reduced/enhanced the drag coeﬃcient by modifying theiscous force through the expansion/contraction of the boundary
ayer. As a ﬁrst approximation, we assume that the change in the
ormalized drag coeﬃcient depends on the change in the volume
f the boundary layer. By assuming that the volume of boundary
ayer with Stefan ﬂow simply becomes the sum of its original vol-
me ( V B ) and the volume of Stefan ﬂow ( V sf ), the normalized drag
oeﬃcient can be expressed as 
 D,r = V B 
V B + V s f 
. (11)
ere, the volume of the Stefan ﬂow is deﬁned as the volume of
uid emitted from the particle during a typical ﬂow time-scale, τ f ,
uch that 
 s f = 4 πR 2 U s f τ f , (12)
here the ﬂow time-scale is given by 
f = 
2(R + δ) 
U ∞ 
, (13)
here δ is the boundary layer thickness. We can assume δ R at
mall Re . Hence, 
f ≈
2 δ
U ∞ 
. (14)
ased on the above, the volumes of the Stefan ﬂow and its approx-
mation at low Re are now given by 
 s f = 8 πR 2 (R + δ) 
U s f 
U ∞ 
≈ 8 πR 2 δU s f 
U ∞ 
. (15)
urthermore, the volume of the boundary layer is given as 
 B = 4 
3 
π(R + δ) 3 − 4 
3 
πR 3 , (16)
nd when δ  R , 
 B ≈ 4 
3 
πδ3 . (17)
dopting the result from classical boundary layer theory, the
oundary layer thickness is given by 
= 2 AR √ 
Re 
, (18)
here A is a constant with a value of the order of one. Combining
qs. (15) and (17) with Eq. (11) yields 
 D,r = 1 
1 + 3 Re s f 
2 A 2 
. (19)
Fig. 9 shows the normalized drag coeﬃcient C D,r for various Re
btained from the simulations as a function of Re sf , together with
he prediction given in Eq. (19) (solid line). The parameter A in
q. (19) was calculated by ﬁtting to the data for the smallest Re
 A = 3 . 25 ± 0 . 25 at Re = 0.232). 
Eq. 19 is based on the assumption that Re is small enough to
atisfy δ R , and it is not applicable for higher Re . 
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Fig. 7. Velocity magnitude map with contour lines (velocity magnitude step 0.5) surrounding the sphere at Re = 13 . 96 . Upper half without Stefan ﬂow ( U s f /U ∞ = 0 ) and 
lower half with Stefan ﬂow ( U s f /U ∞ = 0 . 208 ). 
Fig. 8. Velocity magnitude normalized by U ∞ along the y -axis crossing the sphere 
centre ( θ = 90 ◦; distance normalized with particle radius, R ) for Re = 13 . 96 at dif- 
ferent U sf / U ∞ . 
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R  Without the assumptions of δ R , i.e. keeping the parti-
le radius when estimating the boundary layer volumes using
qs. (15) and (16) , the normalized drag coeﬃcient based on
q. (11) follows as : 
 D,r = 1 
1 + f (Re ) Re s f 
, (20) 
ith 
f (Re ) = 3 
Re 
(
1 + 2 A √ 
Re 
)
1 
( 3 A √ 
Re 
+ 6( A √ 
Re 
) 2 + 4( A √ 
Re 
) 3 ) 
, (21) 
here A = 3 . 01 ± 0 . 13 as obtained by ﬁtting to the simulation data
sing the least squares methods. The performance of the model
as compared against the previous models by Miller and Bel-
an (1999) ( Eq. (22) ) and Kestel (2016) ( Eq. (23) ); the former reads
s: 
 D = 24 
Re 
[
1 + 0 . 054 Re + 0 . 1 Re 1 2 (1 − 0 . 03 Re ) 
1 + a | Re s f | b 
]
, (22) t  here a = 0 . 09 + 0 . 77 exp (0 . 4 Re ) and b = 0 . 4 + 0 . 77 exp (−0 . 04 Re )
hich is valid for 0 ≤Re ≤100 and 0 ≤Re sf ≤10 ( Miller and Bel-
an, 1999 ) and Kestel (2016) model reads as; 
 D,r = 1 
(1 + 0 . 138 Re s f 1 . 153 ) a 
, (23) 
here a = ( 1 . 063 1+0 . 223 Re ) 0 . 568 , which is valid for 0 ≤Re ≤200 and
 ≤Re sf ≤20. 
Fig. 10 compares the performances of three models with the
ata from the simulations. All the models are in good agreement
ith the simulation results for positive Re . The maximum error of
he current model was less than 6% in the simulated range that is
 ≤Re ≤14 and (−1)  Re s f  3 . However, there are two major dif-
erences between the current and previous models. First, the previ-
us models contain several ﬁtting parameters without clear phys-
cal background. The current model, however, contains only one
tting parameter, which is related to the relationship between Re
nd the boundary layer thickness ( Eq. (18) ). Moreover, the previous
odels by Miller and Bellan (1999) and Kestel (2016) are not appli-
able to negative Re sf while the current model expands to negative
e sf and is in good agreement with simulation data, at least down
o Re s f = (−1) . For strongly negative Re sf , C D,r given by Eq. (20) di-
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Fig. 10. Drag coeﬃcient as a function of the Re sf , for different Re . 
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Table B.1 
Data tables of Fig. 2 . 
Re Simulations Model 
Difference 
(% of model value) 
13 .96 3 .431 3 .424 0 .20 
6 .98 5 .521 5 .617 1 .71 
2 .32 13 .074 13 .562 3 .60 
0 .232 108 .490 110 .720 2 .01 verges. However for Re = 0 . 232 , Re sf has to become as small as (-7)
before C D,r diverges. 
4. Conclusions 
Fully resolved numerical simulations of ﬂow surrounding a gas-
emitting particle were carried out to elucidate the effect of Ste-
fan ﬂow on the drag acting on a particle in a uniform ﬂow. The
application of this study is limited to steady, axisymmetric ﬂow
( Re < 14), and low Stefan ﬂow velocity ( −1  Re s f  3 ). 
Results showed that the drag coeﬃcient has a nearly linear re-
lationship with the Stefan ﬂow velocity. An outward Stefan ﬂow
lead to a reduction of the drag coeﬃcient, whereas the magnitude
of the reduction increases with increasing Re . For the Reynolds
numbers in this study, the main reason for the reduction/increase
in the drag coeﬃcient was the change in viscous force. This was
caused by the expansion/contraction of the boundary layer sur-
rounding the particle, rather than the change in relative velocity
at the particle surface. 
A simple model was developed based on the change in the vol-
ume of the boundary layer due to Stefan ﬂow. Although the model
contains only one ﬁtting parameter, it showed as good agree-
ment with the simulation data as previous models with several ﬁt-
ting parameters. The proposed model also showed good agreement
with the simulation data for negative Re sf while previous models
could not be computed because of non-integer indexes for Re sf .
Similar studies for Nusselt number and Sherwood number would
be important for future works. 
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NN9405K. ppendix A. Boundary treatment with immersed boundary (IB)
ethod in foam-extend ( Jasak et al., 2014 ) 
In the IB method, the mesh is categorized into three types of
ells called IB cells, Fluid cells or solid cells, which is shown in the
ig. A.1 a. 
ig. A1. (a) Different cells around an Immersed boundary(IB), IB cell normals, (b)
xtended stencil around an IB and local co-ordinate system for Neumann boundary
conditions. adopted from Jasak et al. (2014) with the permission from the authors. 
Velocity (Dirichlet boundary condition) of an immersed bound-
ry cell( φp ) is calculated using quadratic interpolation as 
p = φib + C 0 (x P − x ib ) + C 1 (y P − y ib ) 
+ C 2 (x P − x ib )(y P − y ib ) 
+ C 3 (x P − x ib ) 2 +C 4 (y P − y ib ) 2 , (A.1)
nd pressure (Neumann boundary condition) of an immersed
oundary cell is calculated as 
p = C 0 + [ n ib . (∇φ) ib ] x 1 P + C 1 y 1 P + C 2 x 1 P y 1 P + C 3 (x 1 P ) 2 + C 4 (y 1 P ) 2 , 
(A.2)
here the coeﬃcients C 0 , C 1 , C 2 , C 3 and C 4 are calculated using
eighted least squares method in the extended stencil shown in
ig. A.1 b and x 1 and y 1 are local co-ordinates where x 1 is normal
o the point ib . 
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 ppendix C. Data tables of Figure 10 
Table C.1 
Data tables of Fig. 9 . 
Re Re sf 
C D 
-simulations 
C
m
13 .96 2 .90 2 .82 
0 .97 3 .19 
0 .19 3 .38 
0 .04 3 .42 
0 3 .43 
−0 .39 3 .48 
−0 .97 3 .65 
6 .98 2 .90 4 .36 
1 .45 4 .89 
0 .48 5 .30 
0 .10 5 .48 
0 5 .52 
−0 .20 5 .61 
−0 .97 6 .00 
2 .32 2 .90 9 .60 
1 .93 10 .60 
0 .97 11 .75 1
0 .20 12 .91 
0 13 .07 
−0 .39 13 .61 
−0 .97 14 .51 
0 .232 2 .90 75 .45 7
1 .45 90 .28 9
0 .58 100 .80 10
0 .29 104 .57 10
0 .19 105 .80 10
0 .10 107 .09 10
0 .02 108 .27 1
0 108 .49 
−0 .04 108 .90 1
−0 .97 122 .78 12
eferences 
agchi, P., Ha, M.Y., Balachandar, S., 2001. Direct numerical simulation of ﬂow and
heat transfer from a sphere in a uniform cross-Flow. J. Fluids Eng. 123, 347–358.
doi: 10.1115/1.1358844 . 
huchottaworn, P., Fujinami, A., Asano, K., 1983. Numerical analysis of the effect of
mass injection or suction on drag coeﬃcients of a sphere. J. Chem. Eng. Jpn. 16,
18–24. doi: 10.1252/jcej.16.18 . 
liffe, A., Lever, D., 1985. Isothermal ﬂow past a blowing sphere. Int. J. Numer. Meth-
ods Fluids 5, 709–725. doi: 10.10 02/ﬂd.1650 050804 . 
onstant, E., Favier, J., Meldi, M., Meliga, P., Serre, E., 2017. An immersed boundary
method in OpenFOAM: veriﬁcation and validation. Comput. Fluids doi: 10.1016/
j.compﬂuid.2017.08.001 . 
ukowicz, J.K., 1982. An exact solution for the drag of a sphere in low Reynolds
number ﬂow with strong uniform suction or blowing. Phys. Fluids 25, 1117–
1118. doi: 10.1063/1.863875 . 
ukowicz, J.K., 1984. Drag of evaporating or condensing droplets in low Reynolds
number ﬂow. Phys. Fluids 27, 1351–1358. doi: 10.1063/1.864776 . 
adlun, E.A., Verzicco, R., Orlandi, P., Mohd-Yusof, J., 20 0 0. Combined immersed-
boundary ﬁnite-Difference methods for three-Dimensional complex ﬂow sim-
ulations. J. Comput. Phys. 161, 35–60. doi: 10.10 06/jcph.20 0 0.6484 . 
arazi, S. , Sayadi, T. , Pitsch, H. , 2016. Numerical analysis of the drag force acting on
the reactive single char particle under oxy-fuel condition. In: Proc. of the China
National Symposium on Combustion 2016 . Ma’anshan 
aider, A., Levenspiel, O., 1989. Drag coeﬃcient and terminal velocity of spher-
ical and nonspherical particles. Powder Technol. 58, 63–70. doi: 10.1016/
0 032-5910(89)80 0 08-7 . 
ayhurst, A.N., 20 0 0. The mass transfer coeﬃcient for oxygen reacting with a
carbon particle in a ﬂuidized or packed bed. Combust.Flame 121, 679–688.
doi: 10.1016/s0010-2180(99)00178-9 . 
asak, H. , Rigler, D. , Tukovic, Z. , 2014. Design and implementation of Immersed
Boundary method with discrete forcing approach for boundary conditions. In:
In Proceedings of 6th European Congress on Computational Fluid Dynamics -
ECFD VI, pp. 5319–5332 . Barcelona, Spain 
ohnson, T.A., Patel, V.C., 1999. Flow past a sphere up to a reynolds number of 300.
J. Fluid Mech 378, 19–70. doi: 10.1017/S0 0221120980 03206 . 
alinchak, V., 2001. Inﬂuence of Stefan ﬂow and convection on the kinetics of chem-
ical reactions and heat and mass exchange of carbon particles with gases. J. Eng.
Phys. Thermophys. 74, 323–330. doi: 10.1023/A:1016696203987 .  Kestel 
model 
Error of current model 
(% of numerical results) 
2 .87 1 .6 
3 .232 0 .7 
3 .392 0 .02 
3 .42 0 .01 
– –
– 1 .2 
– 0 .4 
4 .44 4 .0 
5 .00 2 .5 
5 .42 1 .9 
5 .59 1 .8 
– –
– 1 .7 
– 1 .9 
9 .90 8 .0 
10 .98 6 .1 
12 .25 4 .7 
13 .34 2 .9 
– –
– 3 .9 
– 4 .2 
74 .88 3 .7 
91 .00 1 .4 
102 .79 1 .2 
106 .85 1 .4 
108 .15 1 .6 
109 .39 1 .7 
110 .25 1 .7 
– –
– 2 .0 
– 4 .2 
estel, M. , 2016. Numerical Modeling of Moving Carbonaceous Particle Conversion
in Hot Environments. TU Bergakademie Ph.D. thesis . 
reitzberg, T. , Pielsticker, S. , Gvert, B.M. , Kneer, R. , 2016. CO2 and H2O Gasiﬁcation
under chemically and diffusion controlled conditions. In: 33rd Annual Interna-
tional Pittsburgh Coal Conference . Cape Town 
urose, R., Makino, H., Komori, S., Nakamura, M., Akamatsu, F., Katsuki, M., 2003.
Effects of outﬂow from the surface of a sphere on drag, shear lift, and scalar
diffusion. Phys. Fluids 15, 2338–2351. doi: 10.1063/1.1591770 . 
iller, R., Bellan, J., 1999. Direct numerical simulation of a conﬁned three-
dimensional gas mixing layer with one evaporating hydrocarbon-droplet-laden
stream. J. Fluid Mech. 384, 293–338. doi: 10.1017/S0 0221120980 04042 . 
ittal, R., Iaccarino, G., 2005. Immersed boundary methods. Annu. Rev. Fluid Mech
37, 239–261. doi: 10.1146/annurev.ﬂuid.37.061903.175743 . 
our, Z., Amberg, G., Do-Quang, M., 2017. Kinematics and dynamics of suspended
gasifying particle. Acta Mech. 228, 1135–1151. doi: 10.10 07/s0 0707- 016- 1748- 5 . 
enksizbulut, M., Yuen, M.C., 1983. Numerical study of droplet evaporation
in a high-temperature stream. J. Heat Transf. 105, 389–397. doi: 10.1115/
1.3245591 . 
ichter, A., Nikrityuk, P.A., 2012. Drag forces and heat transfer coeﬃcients for spher-
ical, cuboidal and ellipsoidal particles in cross ﬂow at sub-critical reynolds
numbers. International Journal of Heat and Mass Transfer 55 (4), 1343–1354.
doi: 10.1016/j.ijheatmasstransfer.2011.09.005 . 
meki, K., Kirtania, K., Chen, L., Bhattacharya, S., 2012. Fuel particle conversion
of pulverized biomass during pyrolysis in an entrained ﬂow reactor. Ind. Eng.
Chem. Res. 51, 13973–13979. doi: 10.1021/ie301530j . 
eller, H.G., Tabor, G., Jasak, H., Fureby, C., 1998. A tensorial approach to compu-
tational continuum mechanics using object-oriented techniques. Comput. Phys.
12, 620–631. doi: 10.1063/1.168744 . 
ittig, K., Nikrityuk, P., Richter, A., 2017. Drag coeﬃcient and Nusselt number for
porous particles under laminar ﬂow conditions. Int. J. Heat Mass Transf. 112,
1005–1016. doi: 10.1016/j.ijheatmasstransfer.2017.05.035 . 
u, J., Zhang, M.C., 2009. Mass transfer coeﬃcients for the combustion of a char
particle in O 2 /CO 2 . Energy Fuels 23, 5717–5724. doi: 10.1021/ef900481c . 
u, J., Zhou, K., Ou, W., 2013. Effects of stefan ﬂow and CO oxidation on char particle
combustion in O2/CO2 atmosphere. Fuel 106, 576–585. doi: 10.1016/j.fuel.2013.
01.005 . 
